We have investigated the climatological and interannual variability of biogeochemical cycles in the north Indian Ocean with simulations of TOPAZ (Tracers Of Phytoplankton with Allometric Zooplankton) during 1949-2009. Model simulations have been carried out with climatological and interannual fluxes forcings and the results have been evaluated by using the available data from different sources in the Arabian Sea and the Bay of Bengal. The model captures significant spatial and seasonal features in surface chlorophyll and primary productivity observed in satellite data. Seasonal and interannual variations, and profiles of a few of the state variables obtained from the coupled model simulations compare well with the cruise and satellite data at a few stations for many seasons in the Arabian Sea and the Bay of Bengal. We have also studied the spatial, seasonal and interannual variations of sea surface temperature (SST) and surface chlorophyll anomalies in the north Indian Ocean using model simulation results and satellite data. It is seen that a negative surface chlorophyll anomaly correlates well with a positive SST anomaly.
INTRODUCTION
Marine ecosystems are one of the key components of the Earth system, as they modulate the transfer of carbon dioxide and other green house gases at the ocean surface. The biological pump transfers a considerable amount of carbon from the atmosphere and the euphotic zone to the deep ocean as organic matter, the basic mechanism being fixation of inorganic carbon into organic molecules during photosynthesis. This primary production lies at the base of a complex food chain which involves grazers and bacteria. The global uptake of anthropogenic CO 2 is estimated to be 2.2 Gigatonnes of carbon (Sarmiento and Gruber, 2002) , nearly a fourth to a third of the anthropogenic emissions.This has an important bearing on the long-term climate response to increase in atmospheric carbon dioxide arising out of anthropogenic emissions. Understanding the influence of the physical, chemical and biological processes on carbon cycle on wider spatial (regional to global) and temporal (seasonal to decadal) scales can be improved only by modelling and synthesis of data. Combining ocean model chlorophyll with satellite derived ocean color forms a good source of information for understanding the phytoplankton biomass changes where the observational studies are very sparse.
A few studies on seasonal and spatial variations of various biogeochemical components in the Arabian Sea have been carried out using models and historical data sets. McCreary et al (1999) coupled a simple four-component (NPZD) ecosystem model to a reduced-gravity physical model to study the processes that determine the annual cycle of the biological activity in the Arabian Sea. Swathi et al (2000) embedded a complex 7-component nitrogen-based ecosystem model and a chemical model involving dissolved inorganic carbon and alkalinity into an earlier version of the modular ocean model. A key finding of the model was interplay between the upwelling of carbon in the south-western Arabian Sea during the summer monsoon and the increased biological production due to availability of nutrients. Hood et al (2002) used a coupled biological physical model to synthesize and understand observations taken during the US JGOFS Arabian Sea Process Study programme. A detailed study of the sensitivity of the coupled model to biological parameters was performed by Swathi et al (2010) . A detailed review of various biogeochemical modelling studies in the Arabian Sea has been made by Wiggert et al (2005 Wiggert et al ( , 2006 . Kone et al (2009) have studied the physical and biogeochemical controls on the surface phytoplankton dynamics in the Indian Ocean using a 3D primitive equation model coupled to a biogeochemical model. Physical and biological responses to the Indian Ocean Dipole have been studied by Wiggert et al (2009) .
The focus of this study is the evaluation of model simulation results on temperature, chlorophyll, primary productivity, nitrate, silicate, oxygen and pCO 2 using satellite data, cruise data and climatological atlases in the north Indian Ocean. This study is based on global simulations of the 3-D coupled physical-biological-chemical model.
MODEL AND METHODOLOGY
The physical model is the Modular Ocean Model (MOM4p1) developed at the National Oceanic and Atmospheric Administration's Geophysical Fluid Dynamics Laboratory (Griffies et al., 2004) . In our simulation, the model has 50 vertical levels, out of which 25 are in the top 250 m to resolve mixed layer properties. The horizontal resolution of the model is 1 o globally with 1/3 o resolution near the equator. The total number of grid points is 3.6 Million (360*200*50). The physics of the model include the kpp parametrization for vertical diffusion of momentum and tracers (Large et al., 1994) , solar absorption by dynamically-computed chlorophyll amongst others. The numerics ensure that the positivedefiniteness of the tracer transport operator is preserved in the advection scheme.
The biogeochemical model TOPAZ developed at GFDL has been coupled with MOM4p1. This prognostic ocean biogeochemistry model contains twenty five tracers including three phytoplankton groups (diatoms, eukaryotic phytoplankton, diazotrophs), two forms of dissolved organic matter (labile and semi-labile), heterotrophic biomass, detritus, nutrients (N,P, Si and Fe), dissolved inorganic carbon and alkalinity, dissolved inorganic species for coupled C, N, P, Si, Fe, CaCO 3 , O 2 and lithogenic cycling with flexible N:P:Fe stoichiometry.
The time rate of change of tracers at a given point is determined using tracer conservation equation:
where u → is the velocity vector, K is the diffusivity and SMS is the sum of the sources and sinks for the state variable C representing the change in the tracer concentration due to biogeochemical processes. Details of the SMS term in the above equation for all biogeochemical variables are given in Dunne et al (2010) . The model is spun up for 200 years with climatological forcing using bulk formulae to compute surface fluxes and then forced with CORE v2 dataset (CLIVAR Working Group for Ocean Model Development Dataset used for the Common Ocean-sea ice Reference Experiments). The CORE forcing dataset is based on NCEP forcing, with additional satellite data incorporated. The forcing datasets thus contain recent signals of climate change, e.g. rising air temperatures, (Henson et al., 2009) to study spatial and temporal (seasonal and interannual) variations of biogeochemical components in the global domain during 1949 to 2009. In this paper, the results of the simulations of TOPAZ model with climatological and interannual forcings are discussed in the Arabian Sea (AS) and the Bay of Bengal
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RESULTS AND DISCUSSIONS 3.1 Climatological Model Simulations
In these simulations, TOPAZ is run for 200 years with climatological forcings and the model results for the 200 th year have been analysed to understand the climatological variations. Spatial and seasonal variations of SST, chlorophyll (Chl), primary productivity (PP), nitrate (NO 3 ), silicate (Si), oxygen (O 2 ) and partial pressure of CO 2 (pCO 2 ) are examined in detail for the Arabian Sea (AS) and the Bay of Bengal (BOB). Model results are compared with data from satellites and atlases. Seasonal variation is studied by considering averages in four quarters, namely, South West Monsoon ( Spatial and seasonal variations of Primary Productivity (PP) integrated over 120m from the model simulations are compared with the net primary productivity derived from SeaWiFS and MODIS data (not shown). The model is able to capture some of the significant features like high PP in the west AS and south coast of India, low PP in central AS and most parts of BOB during SWM, low PP everywhere in AS and BOB except the north AS during SIM. The modelled PP is much lower than SeaWiFS and MODIS data in the north and west AS and modelled PP is higher than data in BOB during all seasons.
Spatial variations of NO 3 in the upper 50m for four seasons from the model are compared with World Ocean Atlas-05 (Figures 3(a) & (b) for SIM and SWM). The spatial variation looks similar to the WOA in most of the AS during all seasons, but not in the BOB. Modelled NO 3 is higher than WOA values in the west AS, north AS, south and east coasts of India during all seasons.
Spatial variation of pCO 2 from the model for four seasons (Fig.4) at the surface shows that pCO 2 in west AS is always greater than central AS, east AS and whole of BOB. The pCO 2 in east BOB is low during all seasons and is less than the atmospheric pCO 2 of 360 micro atm specified in the model. During SWM, pCO 2 in west AS and south coast of India is much higher compared to other seasons. It is noticed that most of the features in the spatial and seasonal variation obtained from observations (not shown) are captured by the model simulation.
Detailed analysis of the model results shows that spatial variations of Chl and primary productivity are related to NO 3 in the AS and the BOB during SWM and FIM. During NEM, though NO 3 from the model is higher in the north AS compared to WOA, modelled surface Chl and depth integrated PP are lower than the satellite data. Seasonal average values of modelled temperature (T), Chl, NO 3 , Si and O 2 profiles are compared with the US JGOFS cruise data obtained in the corresponding seasons at 4 stations (S4 (17.2˚N, 59.7˚E), S7 (16˚N, 62˚E), S11(14.5˚N, 65˚E), S15(10˚N, 65˚E)) in the AS (Ref. US JGOFS Cruise data on U.S.JGOFS Home Page) and comparison at two stations (S7 and S11) are shown in Figures 5 (a) and (b). Temperature variations with depth compare well with the US JGOFS Cruise data during all seasons except FIM. Chl values from the model are higher than the cruise data at all depths during NEM at all stations in the AS but compare well with the cruise data during SIM and SWM at S7 and S11. Subsurface maximum value of Chl is obtained from the model at all stations during all seasons but the subsurface maximum is seen only during SIM at many stations in the cruise data. Profiles of PP from the model are higher than the cruise data during all seasons at all stations but follows the same the cruise data during all seasons at all stations. Comparison of O 2 profiles with the cruise data shows that model compares well with the cruise data in the upper 100m at all stations and during all seasons while it is higher than the cruise data by 5 to 10 mMol/m 3 below 150m. Besides, model simulations are able to capture the oxygen minimum zone as well. Discrepancies between the model and cruise data may be due to the spatial and temporal resolution of the model which does not permit the simulation of filaments and fine structure. To understand the differences between the model and data, physical and biological processes in the euphotic zone and at deeper depths should be represented in more detail. Also, detailed sensitivity analysis of the values of model parameters related to multi-nutrient limitation and remineralization processes should be done, but that is beyond the scope of the present study.
Interannual Model Simulations
After a 200 year run of TOPAZ with climatological forcings, the model is forced with CORE v2 dataset for studying interannual variations. Monthly variations of SST and surface Chl compared with the data for the period 1997 to 2009 (TMI, MODIS-A and ERSST (Extended Reconstructed Sea Surface Temperature) for SST and SeaWiFS & MODIS-A for surface Chl) at two stations in AS (S11 and N7) are shown in Fig.7 . The model is able to capture the trend in the observed data but underestimates SST during SIM and FIM and overestimates during SWM at both locations during most of the years. The model is able to capture the trend seen in the observed data on surface Chl, whereas it is unable to capture high values of Chl during SWM and NEM during some of the years. In general, Chl from MODIS is more than SeaWiFS and surface Chl from model is closer to both MODIS and SeaWiFS data at many locations during most of the months. Figure 8 shows the comparison of monthly variations of SST and surface Chl with data (TMI, MODIS and ERSST for SST and SeaWiFS & MODIS-A for surface Chl) during 1997 to 2009 at two stations in the BOB. It can be seen that model is able to capture the trend seen in the observed data but SST is underestimated during June to November at both locations during most of the years. In general, TMI SST is higher than ERSST and MODIS SST is less than TMI and ERSST. SST from model is close to MODIS data at many locations during many months. It can be seen Chl values from the model are always higher than the satellite data at all locations during all the years. In general, SeaWiFS Chl is higher than MODIS.
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